erance and a tolerance gene on chromosome 4D named ALMT1 has been cloned and characterized. Some wheat populations, however, show much variation in acidic field tolerance that is not explained by known major Al tolerance loci. This study was conducted to discover new loci that condition wheat's tolerance of low soil pH with the ultimate goal of DNA marker development for expedited tolerance breeding and selection. To this end, two diverse populations of the US Pacific Northwest (PNW)-adapted winter wheat were genotyped on recently developed 9K and 90K single nucleotide polymorphism (SNP) genetic marker platforms and phenotyped in three low-pH, Al-toxic field settings. The first population consisted of 459 accessions of soft white wheat. The second population, which was further phenotyped hydroponically, consisted of 401 accessions, some of which were soft white and some hard red. Genome-wide association studies (GWAS) uncovered a total of 55 loci, 15 of which were common to both populations. The molecular marker wmc331, linked to ALMT1, was analyzed in both populations, revealing only eight individuals with the favorable allele. We found that the unique germplasm examined in this study has novel sources of low-pH tolerance that could be exploitable in the development of wheat cultivars that are tolerant of soil acidity and Al toxicity.
were mildly acidic and lacked the high organic matter and associated buffering capacity of their prairie counterpart soils in the area. Prevalent cropping systems that rely heavily on synthetic ammonium fertilizer have further acidified these vulnerable soils through the last halfcentury (Mahler et al., 1985) . The stratification of low pH and high levels of free Al in the top 15 cm of soil has developed from ammonia injection at that depth in combination with no-till soil conservation practices, in which soil strata remain unmixed, leaving the subsoil less acidic and less toxic (Brown et al., 2008) . Although adding lime to acidic topsoil and avoiding acidifying ammonia fertilizers will improve the toxicity prognosis, a tolerant cultivar is the simplest and most economic farm-scale defense against yield-decreasing soil acidity (Foy et al., 1965) .
Worldwide, wheat genotypes with varying levels of Al and acidity tolerance exist (Foy et al., 1965; Mesdag and Slootmaker, 1969; Raman et al., 2010) and multiple tolerance-associated loci have been mapped in biparental (Riede and Anderson, 1996; Navakode et al., 2009; InostrozaBlancheteau et al., 2010; Dai et al., 2013) and linkage disequilibrium (LD) (Raman et al., 2010) populations. Sasaki et al. (2004) cloned ALMT1, a major tolerance gene conditioning a large proportion of the Al tolerance phenotype in the genetic backgrounds and phenotypic tests employed in their studies. The wheat Al tolerance mechanism conditioned by ALMT1, that of exuding the Al chelator malate into the rhizosphere, is reflected in proteins of similar utility in barley (Hordeum vulgare L.), in which the exuded chelator is citrate, and in the Sorghum genus (Poschenrieder et al., 2008) . A survey, however, of quantitative trait loci (QTLs) (Riede and Anderson, 1996; Navakode et al., 2009; Inostroza-Blancheteau et al., 2010; Dai et al., 2013) , ditelosomic (Aniol and Gustafson, 1984) , transcriptomic (Houde and Diallo, 2008) , and earlier Mendelian (Camargo, 1981; Berzonsky, 1992 ) studies of wheat tolerance of Al, along with the reported quantitative nature of Al and acidity tolerance in larger diverse populations of wheat (Foy et al., 1965; Mesdag and Slootmaker, 1969; Raman et al., 2010) , suggests that, although Al tolerance may appear to be monogenic in some genetic backgrounds or by some phenotyping methods, field acidity tolerance is a highly quantitative trait conditioned by numerous improvable loci. Foy et al. (1965) noted that varieties from the western United States were in general the least tolerant of all the multiple diverse lines they tested. This is probably because soil acidity has only emerged as a significant yield limitation in parts of the PNW in recent decades. At the time of Foy et al.'s study (1965) , intentional selection for acidity tolerance was not a focus in PNW regional wheat breeding programs. Recently, variability of low-pH tolerance in commercial PNW-adapted wheat cultivars has been observed and reported to regional wheat growers (Schroeder and Pumphrey, 2013) . The germplasm collections used in the present study to map Al and acidity tolerance loci may therefore contain heretofore unidentified tolerance alleles preserved by weak or neutral selection in otherwise regionally adapted germplasm.
The difficulty of field screening for abiotic stress tolerances, combined with the fickle and at times inscrutable nature of the soil acidity and Al availability encountered in acidic fields, has prompted the development of greenhousebased hydroponic tests of tolerance with dissolved Al. These tests produce tolerance scores in the form of the degree of root stunting or the extent of root staining with an Al-binding stain such as haematoxylin (both hydroponic methods were used on rye (Secale cereale L.) by Hede et al. (2002) ). Baier et al. (1995) compared field scoring to hydroponic tests of wheat Al tolerance and found moderately high correlations (0.71-0.85) between lab results and field ratings, suggesting that their hydroponic experiments replicated their unique field conditions to an appreciable degree. Hydroponic tests, however, as used in almost all of the previously cited genetic studies, cannot show the full picture of a whole-plant, realfield phenotype under the complex and regionally variable phenomenon of low-pH stress and thus may overlook important tolerance loci if used alone in tolerance mapping.
Ours is the first reported study to our knowledge that combines both greenhouse and field phenotyping of large diversity panels in an Al and low-pH tolerance LD mapping effort in wheat. Furthermore, GWAS with the high-density SNP markers used in this study, as opposed to the lowdensity Diversity Arrays Technology markers as used by Raman et al. (2010) , allow a more thorough genomic localization of tolerance, thus improving the accuracy of future efforts to develop markers for use in marker-assisted breeding selection. The utility of previously identified alleles of major tolerance loci uncovered by biparental QTL mapping and early association mapping efforts will be augmented by the inclusion of the diverse and impactful genes whose loci and associated SNP markers are revealed in the unique PNW-adapted germplasm used in this present study.
MATERIALS AND METHODS

Genetic Material
Two diversity populations of PNW-adapted winter wheat lines were compiled for association mapping. Population A (PopA) (Supplemental Table S1 ) comprised 459 lines of the soft white market class, 37% of which were of the club head type and 63% were lax-headed. Population B (PopB) (Supplemental Table S2 ) comprised 401 lines, 78% of which were soft white and the remaining 22% were hard, mostly hard red. Twenty-six percent of the soft white individuals in PopB were of the club head type and the remainder were lax-headed. The members of both populations were collected primarily from Washington State University, Oregon State University, University of Idaho, and USDA-ARS cultivar releases, breeding lines, parental lines, and inbred or doubled-haploid experimental families. There were 152 lines in common between both populations. 1 min of annealing at 61°C, and 1 min of extension at 72°C. The final extension step was 10 min at 72°C. Fragment detection was accomplished by the 3730xl DNA Analyzer (Applied Biosystems), and bands were visualized and alleles manually designated in GeneMarker version 1.6 software (SoftGenetics, State College, PA). The PopB constituent cultivars 'Norwest 553' (Flowers et al., 2008) and 'Jagger' (Sears et al., 1997) were used as positive controls for this marker. The Jagger allele appears as 150 or 151 bp in 6-FAM, NED, and VIC fluorophores and as 154 bp in the PET fluorophore. 'Eltan' (Peterson et al., 1991) , a negative control, has a band 4 bp fewer than the positive allele in any of the four fluorescent dyes. Numerous alleles smaller than Eltan and larger than Jagger also exist in our germplasm.
Field Phenotyping
Three acidic Al-toxic field plots were secured on land managed by Emtman Brothers Farms: two near Freeman, WA, and the third near Rockford, WA. The soil at the two Freeman sites is classified as a Caldwell-Thatuna complex (Caldwell: fine-silty, mixed, superactive, mesic Cumulic Haploxerolls; Thatuna, fine-silty, mixed, superactive, mesic Oxyaquic Argixerolls), whereas soil at the Rockford site is classified as a Larkin-Southwick complex (Larkin: fine-silty, mixed, superactive, mesic Ultic Argixerolls; Southwick: fine-silty, mixed, superactive, mesic Oxyaquic Argixerolls). The Northwest Agricultural Consultants soil analytical laboratory (Kennewick, WA) tested the pH of representative 0 to 15 and 16 to 45 cm depth soil samples. Soil samples were extracted with a probe 2.54 cm in diameter from more than 10 points across each location in a W-shaped pattern. The 16 to 45 cm cores were taken from the same holes as the 0 to 15 cm samples. All the samples from the 0 to 15 cm depth were compiled and mixed together to make a single location-specific sample for that depth; the same compilation was done with the 16 to 45 cm samples. In addition to pH, the laboratory also measured extractable Al concentrations using 1.0 mol L -1 KCl extraction and inductively coupled plasma analysis (Table 1) ) and fluroxypyr [([4-amino-3,5-dichloro-6- ) was applied at jointing.
Genotyping
Genomic DNA was extracted from fresh leaf tissue of seedlings of each accession in PopA and PopB using the BioSprint 96 DNA Plant Kit protocol and materials (Qiagen, Venlo, The Netherlands). Extracted DNA was genotyped at the USDA-ARS Biosciences Research Lab in Fargo, ND, on the Infinium 90K (PopA) and 9K (PopB) iSelect SNP arrays (Illumina, San Diego, CA), respectively, compiled by Wang et al. (2014) and Cavanagh et al. (2013) , and assaying, respectively, 81,587 and 8632 SNPs. The SNP allele clustering and calling was performed using GenomeStudio version 2011.1 software (Illumina); autocalled allelic clusters of PopA and PopB individuals were visually reviewed for each SNP, and allele bins were manually reassigned if they were found to be incorrectly positioned. The chromosomal positions of the SNPs were annotated based on their published consensus locations (Cavanagh et al., 2013; Wang et al., 2014) .
Of the 8632 SNPs for which PopB was analyzed, 6814 remained after failed reactions and monomorphic markers were removed and markers for which more than 25% of the population individuals were missing. Additionally, markers whose minor allele frequency fell below 5% were excluded, thus reducing the chance of false positive associations. An alignment with known consensus SNP positions showed markers on all chromosomes, though coverage of the D genome was less than that of the A and B genomes (only 6.5% of the markers were located on the D genome, rather than the 33% that would be expected if all genomes were equally covered). Comparable filtering and curation of the 81,587 SNPs for which PopA was assayed left 23,323 markers dispersed across all chromosomes, though again at much lower density on the D genome (only 9.6% were located on the D genome). The consensus positions of 5431 of these SNPs were unknown, further reducing the number of markers used for GWAS to 17,892.
Since the GWAS of PopB with the 9K SNP markers failed to identify any markers on chromosome 4D linked to tolerance (reported in detail in the Results section below), the simple sequence repeat marker wmc331 (GrainGenes: http://wheat. pw.usda.gov/GG3/, accessed 5 Oct. 2015), linked to ALMT1, was assayed on both populations. This marker is routinely used by public breeding programs in Oklahoma and Kansas, where acidic and Al-toxic soils have historically impacted wheat yield, to screen wheat breeding germplasm for Al tolerance (B.F. Carver and G.-H. Bai, personal communications, 2014) . Polymerase chain reaction (PCR) conditions were as described by Röder et al. (1998) , except that the forward primer was synthesized to include the M13 tail (Oetting et al., 1995) . Each 12-mL reaction mixture consisted of 4 mL of 25 ng-mL -1 template DNA; 1.2 mL 10× PCR buffer (Sigma-Aldrich, St. Louis, MO); 0.96 mL of a 2.5-mmol L -1 mixture of equal parts of the DNA nucleotide precursors dATP, dCTP, dGTP, and dTTP (Fermentas, Glen Burnie, MD); 0.48 mL of 25-mmol L -1 MgCl 2 (Promega, Madison, WI); 0.06 mL of 10-mmol L -1 forward primer with the M13 tail (MWG-Biotech, High Point, NC); 0.3 mL of 10-mmol L -1 reverse primer (MWGBiotech); 0.24 mL of 10-mmol L -1 M13 fluorescent dye label, either 6-FAM, VIC, NED, or PET (Applied Biosystems, Foster City, CA); 0.12 mL of Taq DNA polymerase at 5 units mL -1 (New England BioLabs, Ipswich, MA); and 4.64 mL molecular grade H 2 O. Amplification conditions were an initial 5 min of denaturation at 94°C, followed by 42 cycles of 1 min of denaturation at 94°C, Beyond soil chemistry, the two Freeman plots also differed in planting date, as one was planted in the autumn of 2013 (Fall Freeman) and the other in the spring of 2014 (Spring Freeman). The site in Rockford was also planted in the spring of 2014. Although winter wheat must be planted in the fall and must vernalize over the winter to produce seed, spring planting was deemed appropriate to allow the analysis of tolerance based on a visual rating of vegetative quality. Spring planting was also used to minimize confounding variation between entries in their winter hardiness.
Population (Zemetra et al., 2003) were planted in every 10th plot as standards to monitor changes in phenotype due to spatial variation of soil pH, Al concentration, and other variable factors. The Fall Freeman location was rated on 29 May and 11 June 2014 on a 1 to 5 subjective scale of overall plant health that took into consideration plant vigor, color, and size, where a score of 1 indicated tolerance and 5 indicated sensitivity. Plants were at the heading growth stage on 11 June at Fall Freeman. The Spring Freeman planting was rated on 1 July and 15 July 2014 and Spring Rockford was rated on 23 June and 8 July 2014, all on the same 1 to 5 scale. Ratings were spatially adjusted on a sliding scale based on the observed local reactions of the Norwest 553 and Brundage 96 standards throughout each location.
Greenhouse Hydroponic Screening
Population B was also phenotyped in a greenhouse hydroponic screen similar to that described for barley by Ma et al. (1997) . Since all lines could not be screened simultaneously because of the large size of the population and the resulting resource constraints, the population was divided into four equal subsets and each set was processed on consecutive days. To verify the consistency of growth conditions among the distinct subsets of PopB and to augment the experimental design, five checks of known and varying levels of tolerance were included with each of the four subsets of PopB individuals. 'Babe' (Kidwell et al., 2012) , 'Tara 2002 ' (Kidwell et al., 2002 , and Norwest 553 were the tolerant checks, whereas Brundage 96 and Eltan were the sensitive checks. Babe and Tara 2002 are spring wheat varieties that have been observed to demonstrate Al tolerance in field settings (Schroeder and Pumphrey, 2013) . These five checks were also grown in identical nutrient media lacking Al to test for inherent varietal differences in root length, root length being the Al tolerance response variable measured in individuals exposed to Al.
Approximately 50 seeds of each variety were germinated at 21°C in petri plates on damp paper towels for 48 h to allow coleoptile and root emergence. Hydroponic growth tubes were fabricated by affixing a patch of 1-mm nylon mesh to the top of a 50-mL centrifuge tube, thereby creating a nonwicking, root-penetrable seedling support at the 45 mL mark, where seedlings would be in full contact with the growth solution but would not be fully submerged (see Ma et al. (1997) for images of a comparable setup). One growth tube for each entry was sown with five germinated seedlings chosen out from the 50 for their equivalent size and development. The nutrient solution consisted of 400 µmol
NH 4 NO 3 , and 29.6 µmol L -1 Al (as AlCl 3 ·6H 2 O) in double-distilled H 2 O. Solutions were adjusted to pH 4.0 ± 0.1 with HCl.
After sowing, growth tubes were placed in a greenhouse bay in which the temperature was maintained at 22°C:16°C day/night and averaged 37% relative humidity over the growth period. Artificial light was provided to lengthen the photoperiod to 16 h d -1 and to supplement natural light if it fell below 250 W m -2 during the photoperiod. Seedlings were grown for 6 d from transplanting and fresh double-distilled H 2 O was added daily to the growth tubes to restore water lost by evapotranspiration. After 6 d of growth, seedlings were removed from the solution and dried in a drying oven at 60°C.
Total root length was measured by batch analysis of scanned root images in the WinRHIZO version 5.0A program (Régent Instruments, Quebec, QC, Canada), which calculates total root length from pixel data. After 5 min of rehydration in distilled H 2 O the roots from the five individuals belonging to an accession were suspended in distilled H 2 O in a custom glass tray atop the scanning bed of an Epson Expression 1680 scanner (Epson America, Inc, Long Beach, CA). A 2290 × 3366 pixel image was captured of all five individuals together and was analyzed for total root length in WinRHIZO; the total root length in each scan was then divided by five to arrive at a mean total root length for each accession. The degree of tolerance or the sensitivity of each accession was reflected by this mean total root length relative to that of all other accessions.
Some previous investigators have used relative root length (which is an accession's root length when grown in the presence of Al, divided by its root length when grown without Al) to control for innate varietal differences in root growth or nongenetic root growth differences attributable to seed vigor and age (Hede et al., 2002) . Others, however, have successfully used net or total root length in Al mapping studies after finding no appreciable correlation between with-Al seedling root length and without-Al root length (e.g., Dai et al., 2013) . Some have even found that relative root length is less reliable than total root length when comparing hydroponic results to field results (Baier et al., 1995) . We were compelled to proceed with the total root length method when we failed to detect any significant difference in inherent root length among the checks that were grown without Al (the results are reported in more detail below). This decision rests also on the assumption that stunted roots are less desirable than long and healthy roots in Al-toxic field conditions. Consequently, the loci we found via GWAS using total root length data are associated with root length in an acidic hydroponic solution containing Al; therefore, if the markers at these loci are implemented in breeding selections, the average root length of subsequent generations should be greater when exposed to Al in solution.
Statistical Analyses
Statistical analyses of phenotypic data were executed in SAS version 9.2 software (SAS Institute, Cary, NC). Pearson correlations of PopA and PopB tolerance ratings across locations, replications, and rating times, as well as root length correlation with PopB field ratings averaged across ratings, were tested
Genome-wide Association Studies
Genome-wide association studies were executed in the GAPIT R package (Lipka et al., 2012) using the compressed mixed linear model option. The compressed mixed linear model in GAPIT considers individuals to be random effects, which allows the marker-based relationships between individuals (known as kinship) as well as the structure of the entire population to be included in the calculation of association probabilities for each marker. Both the kinship and structure parameters were calculated by GAPIT using the marker data that we inputted for mapping. GAPIT uses the VanRaden algorithm (VanRaden, 2008) to derive the kinship parameter from marker genotypes and uses principal component analysis to calculate the population structure parameter. The compressed mixed linear model therefore maximizes the statistical power of GWAS by minimizing the false marker-trait associations that can arise through population structure and relatedness between individuals (Yu et al., 2006) . Marker-based principal component analysis of both populations in GAPIT revealed three principal components in PopA and four principal components in PopB, although both populations demonstrated considerable admixture.
The trait values were averaged across the two ratings that were taken on each replication at each location; however each replication from each location was analyzed separately because of poor correlations between replications, even within the same environment. Marker-trait associations were only reported at a nominal value (P < 0.01) and if they appeared in at least two replications or locations or, for PopB, in both the field and hydroponic experiments. These stringencies, combined with the powerful compressed mixed linear model used in GAPIT, reduced the likelihood of reporting spurious associations. The false discovery rate P-values (reported in Table 3 and Table 4) were generally too strict to be used because of the high number of multiple comparisons involved in mapping thousands of SNP markers as realized in our project.
The high density of SNP markers on the SNP chips in some genomic regions often led to the identification of many adjacent SNPs, effectively at the same locus, that were significantly associated with resistance. Generally, within each of these marker clusters, the marker with the most significant low-pH tolerance association P-value was reported as the tagging SNP representing the greater marker cluster or locus; the allelic effect was reported for that marker in the environment in which its most with the PROC CORR procedure. An ANOVA of phenotypes with PROC GLM was used in each field location to calculate the total sum of squares (SS) as a measure of the total variation in tolerance score and the Type I SS as a measure of the proportion of variability in a phenotype that was attributable to genetic variation. The PROC MIXED command was used to estimate the magnitude of genetic and phenotypic variances for use in the heritability estimation ( Table 2 ). The ANOVA and pairwise comparisons of the five repeated checks in the hydroponic experiment were computed in PROC MIXED.
The location-specific heritability (h 2 ) for each population was calculated as:
where G indicates the genotype, Rep indicates the replication, and Resid indicates the residual. Heritability across locations was calculated as:´s
where G indicates genotype, Loc indicates location, G×Loc indicates genotype × location interaction, Rep(Loc) indicates replication nested within location, and Resid indicates the residual. The heritability of hydroponic root length was calculated using the five checks that were replicated with the four subsets of PopB as:
where G indicates the genotype, Rep indicates the replication, and Resid indicates the residual. The heritability of root length was not calculated for all PopB individuals because of the lack of PopB replication in the hydroponic experiment. Table 2 . Genetic (Type I sum of squares (SS)) and phenotypic (total SS) variation and heritability (h 2 ) of low-pH tolerance of two diverse populations, Population A (PopA) and Population B (PopB), of winter wheat rated at three acidic field sites in Freeman and Rockford, WA, in 2014. PopB was also rated hydroponically. Table 3 . Single nucleotide polymorphism (SNP) markers associated with field acidity tolerance in Population A (PopA), a diverse population of soft white winter wheat, as discovered by association mapping using 90K SNP genotypes and fieldbased phenotypes from three acidic, Al-toxic locations in Freeman and Rockford, WA, in 2014. The 90K iSelect SNP chip was used to genotype PopA. significant association P-value was earned. Rare exceptions to this marker reporting rule arose when the most significant marker within a marker group from the PopB 9K GWAS was not present in the 90K consensus map; in such cases, the next most significant marker whose position was known in the 90K consensus map was chosen from that cluster and therefore still represented the same locus as the most significant marker. The 90K consensus map, because of the greater number of markers used in its creation, is assumed to be more accurate than the 9K map and was therefore used to unify marker positions between PopA and PopB. This selection process allowed for the alignment of putative PopA and PopB QTLs to identify those regions that were significantly associated with low-pH tolerance in both populations. To clarify if sequential SNP clusters were linked or not, chromosome-wise LD was calculated between 90K markers of unique consensus locations using GGT version 2.0 software (van Berloo, 2008) . Heat map visualization of LD intensity along the length of each chromosome helped to show which tagging markers were likely to be indicating the same locus. If LD grouping remained unclear in the heat map (e.g., in regions of neither high nor low recombination), additional criteria were used to judge linkage: tagging markers were considered linked to one another if they were at a distance of <15 cM and were associated with tolerance in similar, if not identical, field locations and replications. This multilevel decision method was implemented in cases of unclear LD patterns to address the unpredictability of wheat LD decay, which is locus-specific and varies on the basis of preferential recombination frequency and can range from <1 cM to >40 cM throughout the genome (Somers et al., 2007) . All markers tagging unique SNP clusters were still reported but those suspected to be linked to the same gene were grouped together and annotated by a shared group number appended to the chromosomal number and letter designation following the generic QTL names in Table 3 and  Table 4 . For example, QAlt.wak-1A.1 signifies the first QTL (in 90K consensus order) on chromosome 1A appearing in PopA, in PopB, or in both populations. To avoid cluttering the text, QTL names have been truncated to show only the unique chromosome and QTL number (e.g., the locus QAlt.wak-1A.1 is written as 1A.1 in the text).
RESULTS
Field Phenotyping
In each location, replication, and rating time, scores for PopA and PopB accessions ranged from 1 to 5 (tolerant to sensitive), except for the second rating of the second replication of PopA at Spring Freeman, which ranged from 2 to 5. The average scores for all entries were 3.2 for PopA and 3.5 for PopB at Fall Freeman, 3.2 for PopA and 3.0 for PopB at Spring Freeman, and 4.2 for PopA and 4.2 for PopB at Spring Rockford. These average scores reflected the soil test results (Table 1) , which showed the most acidic and Al-toxic conditions to be at the Spring Rockford site, which had the highest, most sensitive average score (4.2). The least severe soil conditions were at the Spring Freeman site, where average scores were closer to 3.0, a whole point lower than those at Rockford. Histograms showing the range and distribution of scores at all locations illustrate the quantitative nature of Al tolerance in our populations (Fig. 1) .
Of the three field phenotyping environments, Fall Freeman was the most favorable for normal plant growth. In contrast, a long dry spell immediately after planting at the spring locations slowed germination and establishment and also allowed an uncontested weed infestation when considering all QTLs discovered in both PopA and Population B (PopB). Tagging markers, if more than one was listed within a single putative QTL, were originally selected from significantly associated marker groups identified across multiple ratings or years, and that were deemed to likely belong to the same greater QTL after linkage disequilibrium, trait behavior, and cM distance analysis. ‡ The allelic effect values are for the reported marker in the location and replication in which it earned its lowest nominal P-value. Negative values indicate a reduction in low-pH sensitivity. § The underlined field locations are where the reported SNP was identified; other locations given are where the QTL was also significantly associated with Al tolerance. SF1, Spring Freeman, first replication; SF2, Spring Freeman, second replication; FF1, Fall Freeman, first replication; FF2, Fall Freeman, second replication; SR1, Spring Rockford, first replication; SR2, Spring Rockford, second replication. ¶ The underlined loci were found in both PopA and PopB (Table 4) . to build up at Spring Freeman. The prolonged dryness in combination with extreme soil toxicity conditions at Rockford killed a number of entries, with one replication of PopB losing nearly 20% of its original accessions.
Manual and herbicidal weed control salvaged the Spring Freeman location. Herbicide applications (see Methods) were those commonly used to control broadleaf weeds and no visible injury as a result of herbicide or manual Table 4 . Single nucleotide polymorphism (SNP) markers associated with Al tolerance in Population B (PopB), a diverse population of soft white and hard red winter wheat, as discovered by association mapping using SNP genotypes and hydroponic and fieldbased phenotypes from three acidic, Al-toxic locations in Freeman and Rockford, WA, 2014. The 9K iSelect SNP chip was used to genotype PopB, whereas the 90K consensus map was used to compare map positions between Population A (PopA) and PopB. weed control was observed. In addition, the early drought at Spring Freeman stressed all entries regardless of their low-pH tolerance. When rain removed the drought, all entries responded less differentially to the lower-level Al stress at that location, resulting in a powerful central tendency of tolerance scores. The extreme toxicity at Rockford compressed tolerance scores into the sensitive end of the rating scale, whereas the Fall Freeman scores were more normally distributed (Fig. 1) .
Hydroponic Screening
Across PopB, total root length in Al solution ranged from 2.10 to 19.97 cm with a mean length of 6.36 cm, whereas the checks ranged from 3.62 (Eltan) to 14.90 cm (Babe). A histogram of PopB root lengths (Fig. 1) shows a wide distribution of tolerance and positive skewness based on lines with long root length. 
Statistical Analyses
Genotype had a significant effect (P < 0.0001) on tolerance score in all locations, replications, and rating times. Correlation analysis of PopA and PopB scores across locations, replications, and ratings (each planting was rated twice on a 2-wk interval) showed that the highest correlations were between the two ratings within replications, indicating a good level of consistency between the first and second ratings. Any change in tolerance value for an individual over the 2-wk interval was probably caused by a progression in the manifestation of tolerance or sensitivity as weak plants got weaker or strong plants grew more vigorously. The lowest correlations observed between ratings within replications were from the Spring Rockford site (PopA, 0.66-0.70; PopB, 0.63-0.66; all P < 0.0001), whereas the highest correlations were at the Fall Freeman location (PopA, 0.78-0.79; PopB, 0.79-0.81, all P < 0.0001). Since the correlations between ratings within replications and locations were moderately high for both populations in all locations, ratings were averaged across the two ratings before GWAS but replications were kept distinct. After averaging across ratings at each replication, six unique replication nested within location combinations still remained for each population (two replications at each of the three locations). After a comparison of the consistency of accession ratings across locations, the highest correlation was found between Fall and Spring Freeman (PopA, 0.35; PopB, 0.49; all P < 0.0001), whereas the highest correlation with any replication or rating time from Spring Rockford and the other locations was 0.31 for PopA and 0.36 for PopB (all P < 0.0001) and most Spring Rockford rating correlations with the other locations were less than 0.20. Root length correlations with PopB field ratings, which were averaged across ratings within each replication before correlation with root length, ranged from -0.26 (Spring Freeman and Rockford) to -0.44 (Fall Freeman) (P < 0.0001 in all cases).
The Type I SS and total SS from the ANOVA of PopB at each location revealed the greatest genetic and phenotypic variance at the Fall Freeman location and the least at the Spring Rockford location, Spring Freeman falling between the two ( Table 2 ). The same analysis of PopA revealed similar results, except that Spring Freeman's Type I SS and total SS were lower than those of Spring Rockford. This difference in variation between the two populations is not surprising, since the two-dimensional distance between replications (whose large variability has already been demonstrated by correlation analysis) within the field was not as great as the distance between distinct populations, allowing ample room for spatial field variation to differentially impact phenotypic response in the two populations. In any case, Fall Freeman again had the highest variance values. An analysis of the heritability of low-pH tolerance reflected the variability analyses of both populations, as by far the highest heritability of field tolerance was observed at Fall Freeman and the lowest heritability was observed in either Spring Rockford or Spring Freeman, depending on which population was considered.
An ANOVA of the five replicated checks from each of the four subsets of PopB that were exposed to Al in the greenhouse hydroponic screen revealed significant differences in root lengths between the checks (P < 0.0001) but not between the four separate replications (P = 0.4378), indicating that each PopB subset experienced equivalent growth conditions. A check-based equilibration of root lengths across the four separate subsets was therefore deemed unnecessary. Pairwise comparisons between the five checks grouped them in descending tolerance rank (mean root length, in cm, follows each check): Babe, 14.90; Tara 2002, 12.51; Norwest 553, 10.62; Brundage 96, 6.55; and Eltan, 3.62 . After analysis, the mean root length of Tara 2002 was not significantly different from either Babe or Norwest 553, although Norwest 553 was significantly shorter than Babe (a = 0.05). Brundage 96 and Eltan were significantly shorter than the other three check lines but were not significantly different from each other (a = 0.05). In spite of the diversity represented in the checks (which comprise spring and winter, hard and soft, and white and red wheat market classes) and in spite of the precision of root measurements achieved by the WinRHIZO program, the ANOVA of root lengths of the checks grown without Al revealed no significant difference between them (P = 0.2578), indicating that inherent varietal differences in young seedling root lengths in Al-free conditions, though perhaps real, were not statistically detectable by this screening method; inherent differences in root length were therefore not taken into account when analyzing the root lengths of PopB entries that were exposed to Al. In contrast, the phenotype of interest (root length in the presence of Al in solution) was highly variable across genotypes and readily distinguishable both with the naked eye and with the objective scanning and measurement system employed.
ALMT1 and wmc331
In PopA, only three lines were found to carry the positive ( Jagger) allele of wmc331: 'JSDM034', 'ID581', and 'OR9900553' (Supplemental Table S1 ), all of which fall within the top 10 most tolerant lines based on the average field tolerance ratings. There were six wmc331-positive lines in PopB: 'Fidel' (Newhouse et al., 1992) , OR9900553 (the same line as in PopA), Norwest 553, 'Whetstone' (Metz, 2009) , 'MDM' ( Jones et al., 2007) , and Jagger (Supplemental Table S2 ). The five named varieties represent relatively recent germplasm introductions to the PNW: Jagger was developed in Kansas (Sears et al., 1997) , MDM brings its positive allele from the variety 'Klasic' (PI486139) but has Eltan as a recurrent parent ( Jones et al., 2007) , Norwest 553 (Flowers et al., 2008) and Fidel (Newhouse et al., 1992) are of French provenance, and Whetstone was developed in Colorado (Metz, 2009) . The frequency of the positive wmc331 allele was too low in either population to test for its association with the tolerance phenotype with GWAS.
Genome-wide Association Studies
The GWAS of acidity tolerance in the PNW-adapted winter wheat of our two populations using high-density SNP markers revealed markers that were significantly associated with tolerance in both the field and hydroponic assays on all chromosomes except 1D, 5D, and 6D (Table 3 and Table 4 ).
The following loci were indicated in at least four distinct replication and location combinations or, in the case of PopB, in at least three replication and location combinations and in the hydroponic experiment, demonstrating their superior stability across distinct environments: 1A.3, 1A.4, 3B.1, 4D.2, 6A.1, 6A.2, 6B.2, 6B.3, 7A.3, and 7A.4. The markers at the 7A.4 locus were consistently associated with tolerance in PopA in five out of six replication and location combinations. A comparison of the consensus positions of significant SNPs between the PopA 90K and PopB 9K maps highlighted 15 loci that are likely to be equivalent between the two populations based on their mutual alignment on the 90K map: 1A.4, 1B.2, 2A.1, 2B.1, 2B.4, 3B.1, 4A.1, 5A.2, 5B.2, 6A.1, 6A.2, 6B.2, 6B.3, 7A.4, and 7A.5. Of the 26 loci found in PopB, 17 were associated with both field tolerance and root length in hydroponic Al stress conditions. Three significant tolerance loci on 4D, the chromosome carrying ALMT1, were identified in PopA. The three individuals in PopA that were positive for wmc331 were also positive for the three SNP markers at the 4D.2 locus in all but one SNP in one individual (Supplemental Table S1 ); in view of this correspondence with wmc331 and because of these SNP markers' greater association significance and appearance in more locations, the 4D.2 locus is hypothesized to contain ALMT1. Histograms of population individuals with and without the positive allele of the SNP marker IWB30224, one of the tagging markers for the 4D.2 locus, show a shift to generally worse (higher) disease scores when the negative allele is present (Fig. 2) . The positive alleles for these 4D.2 SNP markers, however, appear far more frequently in the population (55-65%) than the positive wmc331 allele. In PopB, however, no SNP markers from 4D were significantly associated with low-pH tolerance. The ALMT1 marker wmc331 was not usable in GWAS, as it failed the minor allele frequency stringency cutoffs in both populations; however, lines in PopA carrying the positive wmc331 allele were notably in the top 10 tolerant individuals based on an average of the field tolerance scores. Of the wmc331-positive lines in PopB, all but MDM were in the top 7% of tolerant lines, MDM at 20% (Supplemental Table S1 and Supplemental Table S2 ). Figure 3 shows the concomitant increase in field tolerance and in the frequency of positive marker alleles in PopA, visually demonstrating the quantitative nature of wheat's acid soil tolerance.
DISCUSSION
The observed differences in soil acidity, available Al, and weather patterns between the three field locations predictably altered the variability in phenotype and thus impacted the heritability of low-pH tolerance. For example, the greater Type III SS at Fall Freeman than at the other two locations implies that genetic variance contributed proportionately more to the phenotypic variance observed at that location than at Spring Freeman or Spring Rockford. The total SS was also greatest at the Fall Freeman site and least at the other two locations, indicating a generally broader separation and uniform range in tolerance scores across genotypes at Fall Freeman. As noted in the field phenotyping results section above, the Fall Freeman location had a moderate level of soil Al and other environmental stresses were minimized, explaining why that location produced both the highest total phenotypic variance and the highest genetic variance in the tolerance scores. These results highlight the difficulty of field-based phenotyping of low-pH tolerance (Table 3) which we hypothesize contains the well-known Al tolerance gene ALMT1. There is a clear shift toward sensitivity, indicated by a higher score on a 1 (tolerant) to 5 (sensitive) scale, in individuals with the negative allele of the marker.
and underline the need to minimize extraneous stresses that tend to obscure the genetic basis for tolerance. That we were able to find significant QTLs from field ratings, however, a number of which were not revealed by hydroponic phenotyping, confirms that field-based low-pH phenotyping is a valid mapping tool.
The heritability of check root length in the hydroponic system was very high at 0.95. No doubt, this value would be less if all 401 lines in PopB could have been considered in the calculation of heritability but the implications are still valid: the highly controlled hydroponic screening method boosts heritability over less direct, less controlled screening methods. Heritability is also impacted by the nature of the trait being evaluated; had we gone to the trouble of uprooting plants from the field and scanned and measured their roots, we probably would have found higher fieldbased heritabilities as well. In contrast, plant health as judged by the naked eye in our ratings is, no doubt, a fundamentally less heritable trait than the degree of root stunting. The subjectivity of such a measurement only adds to its variability and therefore reduces its heritability. The ultimately pragmatic test of acidity tolerance is the yield potential of each cultivar on acidic soil versus neutral soil. Though this measurement would carry its own caveats and would be prohibitively resource-consuming with populations the size of those used in this study, the results would provide the most meaningful and applicable reflection of acidity tolerance. Yet even under optimal conditions, the heritability of yield is, at best, only moderate, and selection progress in yield is usually improved by selecting for individual yield components (Fonseca and Patterson, 1968) and by deliberately inducing stresses rather than relying on randomly variable field conditions to produce those stresses (Weber et al., 2012) .
There is therefore a recognized tradeoff between the benefits of simplified phenotyping and the limited applicability of the results to real-field settings. As has been said, "Essentially, all models are wrong, but some are useful" (Box and Draper, 1987) and this seems to be the case with the hydroponic model of Al tolerance. Others have demonstrated the utility of hydroponic screening of Al tolerance for germplasm evaluation, mapping, and selection (e.g., in wheat, Raman et al., 2010; Dai et al., 2013 and in other species, Bianchi-Hall et al., 2000; Hede et al., 2002) . The fact that a number of the QTLs that were found in our field study were not found by the hydroponic screen, however, emphasizes the usefulness of field rating, especially in cases when genetic mapping and not breeding progress per se is the concern. Field rating allows the discovery of background tolerance mechanisms and indicates loci and their alleles that are effective in real-field enhancement of low-pH Table S1 for specific marker and accession details.
tolerance. We suspect that the field-exclusive loci that were discovered in the GWAS of PopB contain genes belonging to such a category. In conclusion, to choose our phenotyping criteria, we have assumed that wheat farmers with Altoxic soil, on behalf of whom this research has been done, would prefer wheat varieties with long roots and robust aboveground growth over cultivars whose roots become stunted and that produce nonvigorous plants in acidic soil conditions. Based on our germplasm evaluation methods, implementation of the significant markers here reported should improve both root length in Al-toxic conditions as well as aboveground vegetative performance in acidic, Altoxic soil. We further assume that these signs of plant vigor will translate into higher yields. Locus 4D.2, of the three 4D loci, was the most significantly associated with tolerance and appeared in both replications at the Fall Freeman and Spring Freeman locations. Unlike wmc331, the positive alleles of the markers at these 4D loci were far more frequent in PopA, though again, as expected, the positive alleles were less frequent in the less tolerant subset of the population (Supplemental Table S1 ). Although useful, wmc331 has never been reported as fully diagnostic of the ALMT1 gene. Thus although the tested populations have low frequency of the positive allele associated with wmc331, the frequency of the ALMT1 gene in the population may be higher than indicated by this marker. Analysis of lines with and without the SNP marker IWB30224, which is associated with the 4D.2 QTL identified in this study, indicates a strong effect in producing lines with tolerance to low-pH soils. We hypothesize that the markers at the 4D.2 locus, because of their highly significant association with tolerance to low-pH soils and their appearance in a number of locations and replications, may be linked to ALMT1 or an allele of this gene. Further research is needed to confirm this and may lead to more diagnostic SNP markers for this gene.
The only other known association mapping study of Al tolerance assayed 178 polymorphic diversity arrays technology markers on 1055 old-world wheat accessions and revealed significant associations on chromosomes 1A, 1B, 2A, 2B, 2D, 3A, 3B, 4A, 4B, 4D, 5B, 6A, 6B, 7A, and 7B (Raman et al., 2010 ). An exhaustive chromosomal localization of tolerance is not expected from a study with such a low density of markers, however, and the differences between the marker platforms used obscures further comparisons between these loci and those uncovered in the present effort. The Al tolerance screening of chromosomal mutants of 'Chinese Spring' by Aniol and Gustafson (1984) and Papernik et al. (2001) indicated that Al tolerance is located on 2DL, 3DL, 4BL, 4DL, 5AS, 6AL, 7AS, and 7D but again, sufficient precision is lacking to make anything more than broad comparisons at the resolution of chromosomal arms. Quantitative trait locus analysis of a biparental population with the Al-tolerant variety 'Atlas 66' as a parent revealed a significant locus on 3BL in addition to the champion 4DL ALMT1 locus (Zhou et al., 2007) .
What all of these previous studies and PopA have in common, and what, in contrast, we lack in our PopB results, is the identification of a significant locus on chromosome 4D representing ALMT1. Initially, this observation suggested to us that perhaps the marker coverage of chromosome 4D by the 9K SNP assay was too sparse to detect the linkage block containing the gene. After further investigation, however, we found that of the 32 markers on chromosome 4D in the 90K SNP chip that were significantly associated with low-pH tolerance in PopA, four were also present in the 9K SNP chip that was used in the GWAS of PopB, namely IWA430, IWA161, IWA286, and IWA3815 (data not shown). Based on their consensus positions, all of these four markers fell within the 15-cM span of the 4D.2 QTL. In theory, if these markers were identified in the PopA 90K GWAS, they should also have been associated with tolerance in the PopB 9K GWAS. A closer look at the allelism of these four markers in PopB revealed nothing genetically abnormal that could have impeded their association with tolerance: all four markers passed the allele frequency test used to filter population-specific raw marker genotypes to restrict the minor allele frequency to >5%. Although all GWAS P-values for these markers in PopB were above the 0.01 cutoff value, IWA3815 did fall below a P-value of 0.1 in three of the six location and replication field phenotyping combinations, suggesting a mild association with tolerance. It may be, therefore, that the phenotyping conditions were simply different enough between the two populations or that the populations themselves were divergent enough to emphasize different chromosomal regions in some instances, including that of the 4D.2 locus, which, in the case of PopB, was not even found in the hydroponic assay.
Although ALMT1 was cloned over a decade ago (Sasaki et al., 2004) , the search for additional genetic resources for acidity tolerance in wheat continues in cropping regions where this crop is routinely exposed to low-pH soils. Previous analyses of allelic variation in ALMT1 as well as its upstream promoter region, and the analysis of malate efflux in diverse wheat germplasm have identified some lines that manifest an Al-tolerant phenotype without significant malate efflux or without the tolerant alleles of known ALMT1 markers (Sasaki et al., 2004; Raman et al., 2010; B. Carver, personal communication, 2014) . Ryan et al. (2009) discovered a tolerance mechanism analogous to malate excretion that operates by the constitutive efflux of citrate and is conditioned by the expression of a gene on chromosome 4B of equivalent function to ALMT1. Another study involving the transcriptome profiling of wheat under Al stress revealed 83 candidate genes associated with Al stress and 25 associated with Al tolerance (Houde and Diallo, 2008) . The in multiple replication and location combinations are more stably expressed and improve soil acidity tolerance in spite of the variation in field environments that we experienced in our study.
Future studies of the genetics of low-pH tolerance should seek to pinpoint exact locations of tolerance within the most promising loci presented here, further characterizing their impacts on tolerance across variable environments, and placing special priority on the loci of greatest effect and stability. Although low-pH soils typically are Al toxic for wheat, there are other potential genetic factors of low-pH tolerance that have been identified in this study. Our results suggest that the development of reliable and effective acidity-tolerant cultivars will depend on the compilation of multiple favorable alleles of tolerance within single cultivars. This may best be carried out through the genomic selection method, which would combine many loci of minor effect more efficiently than could be realized with marker-assisted selection. Inclusion of major genes for Al toxicity (like ALMT1), in combination with other minor genetic regions of importance for tolerance to low-pH soils, may be the best approach to developing cultivars with strong tolerance to low-pH soils. Pacific Northwest breeding should focus on tolerance loci in addition to ALMT1, however impactful that gene has been in other regions and genetic backgrounds, as there is much available tolerance potential dispersed throughout the genomes of germplasm in regional breeding programs. The desired result will be the development of consistently tolerant cultivars that improve the productivity and profitability of wheat farming on acidic soils.
CONCLUSIONS
This report has elucidated numerous loci of importance in quantitative low-pH tolerance in PNW-adapted winter wheat. It was found that the positive allele of marker wmc331 associated with the popular Al-tolerance gene ALMT1 was not widely present in the unique germplasm of the study, although this may be because this marker was not fully diagnostic of the gene. A promising locus on chromosome 4D was identified and could possibly be ALMT1 or an allele of that gene, as Al toxicity is often associated with low-pH soils. We furthermore demonstrated the need to include field-based phenotyping when mapping quantitative acidity tolerance, since only focusing on tolerance components, such as root growth in hydroponic Al-containing nutrient solutions, may miss important field-relevant loci. The loci discovered and reported herein should serve as a starting point in the dissection of acidity tolerance in wheat. Combining major genes for Al tolerance, in combination with genomic selection for compiling numerous effective low-pH soil tolerance alleles, may prove an effective tool for developing cultivars with tolerance to low-pH soils.
multitude of QTLs uncovered in the present study aligns with this apparently multigenic explanation of acidity tolerance in wheat (Fig. 2 illustrates the concept) . The accumulation of knowledge on the subject up to this point, therefore, suggests that there are many genes conditioning tolerance, each exploitable in cultivar improvement.
Notwithstanding the single-gene model for Al tolerance, the quantitative explanation for field acidity tolerance becomes simultaneously more logical and yet more complex. For example, transcriptome profiling by Houde and Diallo (2008) , though limited to Al tolerance in only four cultivars, two of which were near-isogenic lines, suggests the involvement of a large suite of genes in wheat's Al stress response. They propose three general areas of activity of these genes: (i) signal transduction of hormonal responses and detoxification of reactive O species elicited by Al stress; (ii) metabolic pathways tuned to overcome P deficiencies commonly encountered in Al-toxic soils or to improve efficacy of malate sequestration of free Al; and (iii) cell wall restructuring to allow root growth in spite of Al-induced cell stiffening (Houde and Diallo, 2008) . The second of these three explanations could also explain a more general field tolerance that is not strictly confinable to per se Al tolerance.
Though it is not clear what proportion of variation each of the genes implicated in this and other supporting studies contributes to the tolerance phenotype, the possibility of a large background support network involving many genes is quite plausible. Others have convincingly demonstrated that symbiotic arbuscular mycorrhizal associations can improve Al tolerance in a range of crop species, including barley, though this phenomenon has not yet been demonstrated in wheat (Seguel et al., 2013) . If indeed fungal symbiosis is a mechanism of tolerance in wheat, one can only imagine the quantitative complexity of the genetic control of such a trait. Furthermore, an individual's allelic status of susceptibility to root and vascular diseases, drought tolerance, and nutrient use efficiency can be hypothesized to interact with the root stunting phenotype and thus ultimately control a variety's overall Al tolerance potential in a variety of ways. The multitude of loci shown to be significantly associated with acidity tolerance in our GWAS corroborates this highly quantitative model of tolerance, which may have been deemphasized in the past by focusing almost exclusively on limited components of that tolerance such as seedling root growth in Al-containing nutrient solutions.
For the sake of cultivar improvement, some of the loci identified in our study are more promising than others because of their notable stability. Although they were still quantitative in effect, some loci, including 1A.3, 1A.4, 3B.1, 4D.2, 6A.1, 6A.2, 6B.2, 6B.3, 7A.3, and 7A.4, were effective across varying environments, 7A.4 being identified in PopA in all but one replication and location where that population was phenotyped. These QTLs appearing
